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ABSTRACT

MIT Lincoln Laboratory has been tasked, by the Strategic Environmental Research and
Developmental Program (SERDP), to assist in defining basic and exploratory research and
development needs in the area of unexploded ordnance (UXO) sensing. We have recently
completed a four-month study whose recommendations and supporting evaluations are
documented in this report. We have recommended a systems approach to UXO sensing that
emphasizes

— the utilization and integration of existing sensing technologies,

— the investigation of phenomenological concerns associated with different
sensors, environmental conditions, and UXO types, and

— the general requirements on data handling, processing, and interpretation.

We have defined a structure in which to initiate and conduct UXO-sensing technology
development and, where possible, we have supported our recommendations with analyses and
examples from related sensing applications. Our recommendations are intended to serve as a
guideline for SERDP in establishing its future research priorities for the challenging task of
characterizing and remediating UXO-contaminated lands in the United States.
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1. INTRODUCTION

Unexploded ordnance (UXO) represent a significant impediment to the clean-up and re-use
of many Department of Defense sites. The standard methodology for the detection of UXO
involves laborious ground surveys over potentially contaminated land typically with some form of
metal detectors. Probable locations of ordnance are marked, and highly-trained personnel are then
required to remove each piece of ordnance that is identified. Typical times for the survey and
clearance of UXO-laden areas range from less than one acre to a few acres per day. This
methodology is impractical in meeting the timeline for clean-up of vast quantities of DoD land, as
mandated in recent federal legislation.

To address this challenge, a number of efforts to explore technologies that can facilitate the
detection of UXO have been initiated. Most of these programs have evolved from efforts in mine
detection, with contributions from other areas such as buried and obscured-object detection,
robotics, automatic target recognition, and chemical sensing. Relevant sensing technologies have
included magnetic, gradiometric, and electromagnetic-induction detectors, ground-penetrating
radar, electro-optic sensors, airborne synthetic-aperture radar, and nuclear-based sensors. What is
clear, even with cursory investigations, is that no single sensor is capable of detecting all ordnance
under all conditions, thus researchers must focus their efforts on sensor integration. The challenge
lies in designing optimal suites of sensors that meet the DoD user requirements while leveraging
the vast amount of resources that have already been invested in this and similar problems. Until
now, UXO-sensing research has been fragmented, has focused on demonstrations rather than
technology development, and has lacked a unified strategy for addressing the problem.

MIT Lincoln Laboratory has been tasked by the Strategic Environmental Research and
Development Program (SERDP), to assist in defining basic and exploratory research and
development needs in the area of UXO sensing. To fulfill this task, we have conducted extensive
literature reviews of relevant programs both within and outside of DoD, we have spoken to
representatives of organizations engaged in UXO-sensing activities, we have spoken to members
of national and local-regulatory agencies as well as potential users of converted DoD land, and we
have drawn on our own expertise in systems design and sensing technologies. We were also
asked to review a few specific programs relevant to UXO sensing. Those programs were the
Jefferson Proving Ground Demonstration, the Remote Minefield Detection System (REMIDS),
and the Mobile Underwater Debris Survey System (MUDSS).

We have addressed the UXO problem in as broad a sense as possible, asking questions
such as “how bad is the problem?”, “what information do we need to address the problem?”,
“what technologies can be brought to bear?”, and “how can we best use existing resources?”’. The
results of our efforts are documented in this report, where we recommend a multi-layered research



and development program designed to address the UXO-sensing problem. Where possible, we
have supported our recommendations with examples from related applications, such as mine
detection. We have also attempted to define the underlying science requirements that are critical in
designing, integrating, and assessing the performance of UXO-sensing systems. Our
recommendations are intended to serve as a guide for SERDP in establishing its future research
priorities in the thrust area of clean-up. We also hope that it will be viewed as a resource to other
Government agencies facing the difficult task of returning contaminated land to public use.



2. EXECUTIVE SUMMARY OF RECOMMENDATIONS

In formulating our recommendations, we have focused on several aspects of the UXO-
sensing problem. One aspect is concerned with technology development, 1.e., we must identify
the most promising sensing tools and how we can structure a research-and-development program
to rapidly evolve those tools into useful field instruments. Another aspect is programmatic —
contaminated lands must be cleaned up before they can be transferred to the public sector. This
requirement applies no matter what the status of the technology development effort and drives both
the sensing technologies and the timeline for their development. A third aspect is socio-political
and concerns the public’s acceptance of lands previously identified as potential UXO hazards. For
each of these three aspects, we offer specific and general recommendations that we will summarize
in this section.

2.1 TECHNOLOGY DEVELOPMENT
The ideal sensor system for UXO detection would have the following characteristics:

- It would offer wide-area, rapid coverage over a variety of terrains representative of
UXO-contaminated areas.

- The sensor would locate both surface and buried UXO and be able to positively
distinguish ordnance from naturally occurring and man-made clutter.

- The sensor would be able to distinguish inert ordnance from those with explosive
potential.

- The sensor’s detection and identification capability would be automated and not
require human interpretation of imagery.

We feel confident in concluding that, at this time, no single technology will provide all of the
aforementioned characteristics. Furthermore, we do not believe that a single comprehensive UXO-
sensing system can be constructed that can effectively survey all possible terrains for all possible
ordnance types. The UXO problem will not be solved by a single “magic bullet”, and we do not
recommend devoting a large fraction of the research budget to developing new or experimental
technologies that claim to do so.

We recommend that the best approach to addressing the UXO sensing
problem is to develop multiple-sensor systems that make maximum use of the
favorable aspects of the UXO problem.



Multiple sensors are required to address the large variety of conditions under which a
UXO-sensing system must operate. Individual sensors should be chosen both for their inherent
ability to sense UXOs and for their compatibility in a more capable sensor suite. For example,
although one system may offer wide-area coverage, it may not offer buried-UXO-detection
capability. Another system may identify explosive ordnance but at speeds too slow to accomodate
large-area surveys. The challenge lies in identifying those current technologies that, singly or in
groups, can address the comprehensive requirements for UXO sensing.

Consideration of those aspects of the UXO-sensing problem that are favorable for sensor
deployment should be a strong factor in choosing the appropriate sensor technologies. For
example, most of the potentially contaminated sites are under DoD control; therefore, there is no
need for covertness or long-range communication systems. Second, sensing systems can be
operated at whatever time of day or season or weather conditions are optimum for the technology.

Our strongest recommendation is that sensor technology development
should be done in accordance with an overall system approach to UXO sensing.

One of the main purposes of our study is to recommend such a systems approach.
Specifically, we propose a four-stage structure for UXO sensing, where the stages function
sequentially to reduce the amount of land that requires surveying for UXO, while offering high
probability of detection and low probability of false alarm in each sensing stage.

We call the four stages

* Prescreening,
* Cuing,

* Detection, and
* Classification.

The intention of the prescreen stage is to prioritize those lands that require surveying, either
because of intended land use or known contamination information, by the degree of urgency that
their clean-up mandates. A second goal is to identify those suspect lands that are not likely to
contain ordnance or whose intended land use does not require immediate attention. Information for
this stage would be obtained, for example, from site records, and historical airplane and satellite
imagery. By focusing on both the history and destiny of a site, one can hope to reduce, by a
considerable degree, the amount of land that must be addressed for surveying in the near term.

For those lands identified in the prescreen stage as requiring surveying, we suggest a cuing
stage that offers rapid coverage, and whose goal is the identification of UXO fields. This sensing



stage is most likely to require an airborne platform, and will not target the detection of individual
UXO, but rather the clusters and concentratons of UXO representative of testing and training
exercises.

Some lands identified during the prescreen stage may bypass the cuing stage altogether,
either because of specific information regarding the location of UXO or because of inaccessibility
of the terrain to the cuing platform. These lands, together with those identified during the cuing
stage as potentially containing UXO fields, would be subject to the next stage of sensing, which
we call detection. The goal in this stage is to detect and map locations of individual UXO within
the boundaries identified in either the prescreen or cuing stages. The platform for this stage of
sensing would most likely be ground or near-ground-based, and the UXO maps would provide the
neccessary information for assessing the future use of the land or for initiating the clean-up efforts.

As a final sensing stage, we propose a classification stage whose goal is to distinguish
those ordnance that pose a hazard to human safety or the environment from those that are unlikely
to explode, which we call nuisance ordnance. One possible implementation of this stage is to
interrogate individual ordnance that have been located in the detection stage and provide a
secondary map layer that identifies only those that are hazardous. Alternatively, the classification
sensors could be integrated onto the detection platform and provide that information concurrently.
The motivation for this classification stage is the relatively large payoff that results if all ordnance
do not have to be treated as hazardous.

Each of the four stages declares some lands as not requiring immediate attention (which is
not quite the same as ‘free of ordnance’) and passes some lands on to the next stage for more
detailed examination. Each of the three sensing stages — cuing, detection, and classification —
requires the integration of multiple sensors and the development of data-processing techniques to
exploit the complementarity of those sensors.

In order to best define the individual technical requirements within each
sensing stage, we recommend that a detailed systems analysis be conducted of our
recommended four-stage approach to UXO sensing.

Such an anaysis would examine the general and specific requirements for UXO sensing at
representative contaminated sites, including considerations such as effectiveness of the sensing
technology, ease of sensor deployment, environmental conditions, UXO characteristics, and time
requirements for the UXO surveys. On the basis of a preliminary systems analysis, we have
identified what we believe are the most likely sensor technologies for each of the sensing stages.
Our recommendations, which will follow in detail in subsequent chapters, address both the sensor
technologies as well as the concerns related to their integration, deployment, and interpretation.



The critical technical components to be developed within each sensing stage are as follows.
uing;

- an airborne platform with onboard differential GPS and INS for accurate
navigation and positioning,

— a dual-band (X-band and UHF) synthetic aperture radar (SAR) sensor to detect
surface and shallow-buried ordnance,

- an electro-optic sensing system that includes passive detection of two infrared
bands and active detection of one visible to near-infrared band for detection of
surface and shallow-buried ordnance and clutter characterization.

- sensor-fusion techniques that take advantage of each sensor type’s complementarity
and unique contributions to the overall system,

- data processing that focuses on identifying clusters or concentrations of “ordnance”
signal returns so that ordnance fields, rather than individual ordnance, are
identified.

Detection:

- a ground or near-ground-based platform with integrated differential GPS for
position marking of suspect ordnance to within 50 cm position accuracy,

- magnetic (gradiometric) sensors for surface and buried ferrous-metallic ordnance
detection,

- a ground-penetrating radar sensor for detection of ordnance, rocks, voids, and
other clutter,

- sensor and data-fusion algorithms to assist in exploiting the complementarity
between the two sensor types.

Classification:

- a ground-based platform that may operate concurrently with or independently
of the detection-stage sensing system,



- a thermal-neutron activation sensor that detects the presence of (at least)
nitrogen, a primary constituent of explosive materials.

We believe, for the most part, that the current state-of-development of the sensor
technologies that we recommend is adequate for the task of UXO-sensing in support of site
remediation. In general, we find that UXO sensing is limited not by raw sensor performance but
by phenomenological aspects of the UXO problem, such as soil transmission at radar wavelengths
and the presence of background clutter.

Thus, we recommend that UXO research concentrate on phenomenological
investigations that specifically address the unique characteristics of UXO
sensing.

There are a few specific critical phenomenology issues, which are common to all sensing
stages, that we recommend be investigated. They include

- UXO target signatures as functions of waveband or sensing technique for a broad
range of environmental and operating conditions,

- characterization of vegetation and other naturally occuring and man-made clutter
for conditions representative of UXO contamination,

- effects of weather, time of day, and foliation on sensor performance,

- statistics of UXO distribution, both tranversely for density and cluster
characterization, and vertically for depth of penetration into the soil.

Finally, the magnitude of the UXO problem indicates that an enormous amount of data
must be collected and processed. This is not just a data storage requirement, but rather a
requirement on the way data are acquired, assembled, integrated, retrieved, and utilized. Unlike
many short-duration military missions, data from UXO surveys must be accessible during short-
term cleanup operations, as well as for long-term record-keeping and land-use decision making.

We recommend that a sophisticated data-handling system be developed and
implemented as early as possible. This system should be managed not simply as
a “library” but as an important operational asset in guiding sensor development
and clean-up efforts.



The data-handling system should have

- a large data base from historical records, multiple sensor inputs, and detailed
mapping of surveyed lands and overlaying of sensor data,

- sophisticated retrieval and sorting by data-base content such as terrain features, soil
type, munition type, operational characteristics, etc.

- a skilled staff to interpret the data in support of both ongoing clean-up efforts and
technology development.

The data repository should be developed as both an archival resource, and as a research
tool for developing, for example, sophisticated data retrieval and visualization techniques. Such a
resource would be invaluable in directing future cleanup operations; applications will doubtless
also exist for other scenarios, such as rendering lands safe following a military conflict.

2.2 PROGRAMMATIC AND SOCIO-POLITICAL CONCERNS

The four-stage structure described above addresses technology development. This
development cannot, however, proceed independently of the programmatic and socio-political
constraints of the larger problem of transferring former DoD lands to the public. For example, one
programmatic concern is the rapid timeline for many of the mandated transfers; technology-
development efforts whose utility can not be rapidly demonstrated will probably not be
supportable. An example of a socio-political concern that must be addressed is that of system
efficacy. Thatis, what do we mean when we declare lands free of ordnance and how do we deal
with the occasional missed UXO? These concerns and others form the basis for several
recommendations for action that should proceed in parallel with the technology-development
strategy defined in the previous section.

Specific Recommendations

+ Demonstration/Validation

In order to ensure that the technologies that are developed according to our four-stage
structure can actually be of assistance in clean-up efforts, one must define the appropriate
demonstration and validation tests early on. These tests must be designed to verify the predicted
performance of the sensor systems, to identify any design shortcomings, and to capitalize on the
individual and coupled-sensor strengths.



* Integration

UXO clean-up efforts will proceed with or without any new technologies. If our strategy
is to have any merit, it must begin immediately and we must plan how to integrate new
technologies rapidly into ongoing clean-up activities. For example, new technologies can be tested
and validated at sites where ‘traditional’ clean-up is occuring as well as at staged UXO sites. In
addition, early consideration should be given to how new sensors will be certified so that they can
be integrated into clean-up efforts with mimimal legal liability concerns.

» Education

One of the most difficult problems that the DoD faces is public concern over the safety of
the citizenry that will have access to transferred lands. We believe that the DoD should have a
proactive role in defining future land use and that one way to accomplish this is to establish
relationships, early on, with federal, state, and local users of these lands. We recommend that the
DoD engage in an aggressive education and public-awareness campaign regarding the hazards of
residual UXOs so that it can, in partnership with non-DoD groups, help to direct the sensible use
of cleaned-up lands. The penalty for ignoring or even delaying the initiation of these activities is
evident, for example, in recent conflicts over the EPA’s proposed Military Munitions Rule or the
proposed transfer of an unremediated portion of Fort Ord to Monterey County in California. [1,2]

REFERENCES

i “Grassroots Coalition Attacks EPA for ‘Caving’ to DoD on Munitions Rule”, Def. Env.
Alert, 3, 25, (13 December 1995), p. 22.

2 “Army Move to Seek Transfer of Fort Ord Parcel Alarms Califonia Officials”, Def. Env.
Alert, 3, 24, (29 November 1995), p. 3.



3. BACKGROUND ON UXO CONTAMINATION IN THE
UNITED STATES

3.1 INTRODUCTION

The UXO contamination problem is unlike any other challenge that the DoD faces. In the
broadest military sense, the DoD is charged with protecting the welfare of the citizens of the United
States. To do so, it develops both offensive and defensive systems with some assumptions, which
change with the times, about the nature of the threat to the United States and the identity of her
enemies. Until now, the cost of providing this security has not included the environmental damage
that results from development and testing of these systems, nor has it included the cost of
guaranteeing civilian safety on contaminated, hazardous lands.

That has all changed. In addition to its ongoing military mission, the DoD is now held
accountable for decades of land contamination resulting from weapons testing, training exercises,
and munitions disposal, among other things. The federal government has directed the DoD to turn
over much of these potentially-contaminated lands to other federal and state agencies and some
fraction will even be transferred to the public sector. For the most part, the DoD is responsible for
cleaning up the sites before such transfers can be made. Unfortunately, since the amount of land in
question is enormous and no one knows exactly where the UXO are, it is difficult to even estimate
the time or cost required to conduct the clean-up efforts.

Detection of UXO is critically important to the eventual clean-up effort. There are,
however, several factors that affect the design of UXO-detection systems that differ from typical
military applications. UXO detection is not simply mine detection ‘in disguise’. Many aspects of
the UXO problem are favorable for the deployment of sensor technologies. For example, most of
the potentially-contaminated sites are under DoD control, therefore there is no need for covertness
or long-range communication systems. Second, the systems can be operated at whatever time of
day or season or weather conditions are optimum for the technology.

On the negative side, accepted performance criteria or failure rates for military systems will
not be adequate for this problem. For example, military systems have certain risks associated with
their use or failure; often these risks can be correlated to an estimated number of additional
casualties. These are risks that the military planner must weigh when making tactical decisions.
UXO contamination must be treated differently as it is unlikely that the public will accept the risk of
fatalities in exchange for access to former military lands. Even the treatment of DoD lands
contaminated by other hazards, such as fuels or solvents, cannot be compared to the UXO
problem. As an example, some soil and groundwater clean-up efforts are driven by analyses that

11



calculate the number of extra deaths as a function of residual contamination level for various cancer
types. These numbers are usually very small (e.g., a few per one-hundred thousand) and the
public (generally) accepts this level of risk. However, it is safe to argue that, even if the statistical
probability of occurence is extremely low, any civilian deaths due to exploding ordnance will be
considered unacceptable.

In order to develop a strategy for developing UXO-sensing systems, we must first answer
a few questions. They are

* “What is the magnitude of the UXO problem’"?
* “How do we currently address this problem”?, and
* “How can we improve upon our current approach”?

In the following subsections we shall discuss the first two questions, while the remainder of the
document is essentially devoted to addressing the third.

3.2 THE MAGNITUDE OF THE UXO PROBLEM IN THE U.S.

In the simplest sense, the problem is that large amounts of land are potentially contaminated
with vast quantities and types of ordnance, some of which may pose a substantial human health
hazard (see Figure 3.1). In order to assist in quantifying the magnitude of the UXO problem, we
must estimate

« the amount of land to be surveyed,
« the time required to conduct the surveys, and
* the characteristics and distribution of the ordnance.

3.2.1 How much land must be surveyed?

According to one estimate [3], there are over 11,000,000 acres of land potentially
contaminated with UXO (not including Air Force sites). Approximately 6,000,000 of those acres
are on active DoD land, 5,000,000 acres are on Department of Interior land, and less than 100,000
acres are on land slated for Base Realignment and Closure (BRAC). Even if we assume that the
active DoD land does not require immediate attention, there are still several million acres of
potentially-contaminated land to be surveyed. Furthermore, the land consists of a full range of

terrains, vegetation content, soil types, geophysical characteristics, and even includes about 50
underwater sites.

12



Figure 3.1

Cartoon illustration of ordnance-contaminated area; the depiction is intended to

show ordnance variety, terrain variability, and examples of clutter. The inset
shows the geographic distribution of a small set of ordnance-contaminated
locations; red dots refer to Formerly-Used Defense Sites [1] and black dots refer to

Major Range and Test Facilities [2].
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3.2.2 How much time is available to conduct the surveys?

Many of the active DoD sites are not slated for any near-term transfer to other federal
agencies or the non-federal sector, thus the urgency for clean-up is not as severe as for those
whose transfer is imminent. Similarly, many of the potentially-contaminated federal lands are not
in use or planned for use by the public sector. Thus, although the DoD ultimately is responsible
for clean-up of those lands (under existing legislation), the timeline is not urgent. For sites
identified under the recent Base Realignment and Closure rounds, however, the situation is more
critical. For sites slated for full closure, the DoD must, by law, initiate closure within two years
after a Presidential decision is made and must complete the process within six years. [4] As of
January, 1995, 51% of the 70 major closing actions of the 1988, 1991, and 1993 rounds had been
completed; bases selected in the 1995 (33 closures, 26 major realignments) round must be closed
by 2001.

3.2.3 What are we looking for?

The DoD defines unexploded ordnance as “explosive ordnance which has been primed,
fused [sic], armed, or otherwise prepared for action, and which has been fired, dropped, launched,
projected, or placed in such a manner as to constitute a hazard to operations, installations,
personnel, or materiel, and remains unexploded either by malfunction or design or for any other
cause”. [5]

Unexploded ordnance in the United States results primarily from live-fire testing and
training exercises; they can range from small munitions to large (few thousand pound) bombs. For
the most part, there will be a subset of ordnance type that are characteristic of each site under
evaluation. For example, large bombs dropped from aircraft are not likely to be found on small-
munitions live-fire ranges. Similarly, the depth distribution of ordnance can range from on the
surface to buried to depths of up to several tens of feet. The actual depth depends on many factors,
including the ordnance type and age, method of delivery, angle of impact, type of soil and terrain,
and weather conditions at time of ordnance deployment. Table 3.1 displays an example of
ordnance distribution with depth resulting from data gathered during range surveys and from site
inspections and discussions with personnel involved in explosive ordnance disposal (EOD). [6]
The table displays percentages for representative contamination depths; it is intended to be
illustrative rather than definitive. Although there are instances where large ordnance have been
found at depths of up to 60 feet, most ordnance will be found within a few feet of the surface.
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Table 3.1
Representative summary of impacted ordnance distribution with depth.
(Reference 6)

DEPTH PERCENT OF TOTAL
Surface 50%

to 1-1/2 ft. 30%

to 3 ft. 15%

to 6 ft. 3%

to 25 ft. < 2%

over 25 ft. <1%

We note that, by definition, the only ordnance that represent a hazard are those that are still
potentially explosive, thus it is instructive to understand what fraction of total ordnance remains
unexploded. These numbers will vary according to ordnance type and age, method of deployment,
and geophysical characteristics of the deployment site. Dud rates for older ordnance are difficult to
quantify, but empirical evidence indicates approximately 10% of all ordnance may still maintain the
potential for explosion. Recent data gathered during clean-up following the Desert Storm conflict
indicates that many small munitions, such as dual purpose grenades, had a dud rate less than 5%
but that some air-deployed munitions, especially the MK-20 Rockeye cluster bomb, had dud rates
in excess of 30%. [7] The high dud rate was attributed to the soft sand and is considered
exceptionally high. Even if the dud rate for all ordnance falls somewhere between 5% and 30%,
there is still a substantial benefit in the clean-up effort in being able to distinguish explosive from
harmless ordnance. Although this may not always be possible, it should be considered as a design
goal.

To summarize our attempts at defining the magnitude of the UXO problem, imagine that we
had to survey all 11 million acres of potentially contaminated land within, for example, a six-year
period. Suppose that such surveys operated S days/week, 50 weeks per year; we would then
conclude that we had to survey over 7000 acres per day. Furthermore, based on the expected
ordnance distributions, we conclude that we would have to survey at least down to a depth of 3
feet to ensure locating most of the ordnance and to greater depths if the intended land use required
complete clearance.

Of course, as we mentioned earlier, all 11 million acres will not need to be surveyed and
the first task in addressing the problem is to define a prioritization scheme that identifies a much
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smaller subset of land requiring surveying. Note, however, that even if we reduce by an order of
magnitude the requirements on land to be surveyed, we still require coverage of hundreds of acres
per day, assuming a highly ambitious schedule of daily surveying over several years. For
comparison, typical survey rates for existing ground-based ordnance-location activities are around
a few acres per day.

3.3 HOW WE CURRENTLY ADDRESS THE PROBLEM

Currently, when an area is suspected of unexploded-ordnance contamination, teams of
highly-trained personnel are dispatched to conduct surveys using, typically, hand-held
magnetometers, metal detectors, or ground-penetrating radars. In general, these techniques offer
high probability of detection with a corresponding high false-alarm rate due to both naturally
occurring and man-made ferrous or metallic objects.

As an example, we describe a survey that was conducted in support of remediation of a
Nebraska Superfund Site, the Cornhusker Army Ammunition Depot, to detect buried UXO. [8]
First, the area was cleared of all surface debris and the site boundaries were marked with grid lines
approximately 10 feet wide. Each lane was carefully traversed with the MK-26 Ordnance Detector
(dual fluxgate magnetometer hand-held unit) and the operator hand-excavated any shallow
subsurface contacts. Any contacts buried greater than 2 feet were marked; suspect areas were
subsequently carefully excavated and the ordnance removed or detonated in place. UXO
specialists must also operate in the less-controlled civilian communities where occasional UXO are
discovered. For example, in 1993 workers excavating in a suburb of Washington, D.C. were
surprised to find both conventional and chemical weapons that dated from World War 1. [9]
Explosive Ordnance Disposal (EOD) specialists were called in to remove the suspect ordnance; by
the time clean-up efforts were completed, they had recovered 44 chemical munitions, 97 explosive
rounds, and several tons of scrap metal. Finally, a similar incident was reported on Martha’s
Vineyard in Massachusetts, when beachgoers began finding old munitions on one of the island’s
popular recreational beaches. [10] Approximately 40 acres were cordoned off and extensive
surveys and excavation were conducted throughout 1988 and 1989; entire sand dunes were
removed, replaced, and reseeded. For small amounts of land that offers easy access to the
surveyors, this methodology of dividing a region into grid lanes, surveying with hand-held
instruments, and excavating or detonating, is reasonable. For the total amount of land in the
United States that may have to be surveyed for UXO, this approach is both too slow and too
costly.

In recent years, much research has been conducted on systems that offer higher coverage

rates, such as vehicle-mounted or airborne magnetometers, electro-optic sensors, ground-
penetrating radar, and microwave radiometry. Similarly, some effort is underway to enhance the
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performance of systems by using advanced data-processing techniques. Additionally, sensors
have been developed that seek to distinguish explosive from inert ordnance by sensing the presence
of explosives in situ. An excellent summary of relevant UXO-sensing technologies is provided in
reference [1]. Unfortunately, despite the vast resources expended on this problem, no single
sensor has emerged that is capable of meeting the diverse requirements for a UXO-sensing system.
As a result, many researchers and users are focusing on combinations of sensors that may offer
complementary capabilities. Often, however, there is little systematic attempt to define, a priori,

an optimum combination of sensors that is both widely applicable and whose features offer the
greatest degree of orthogonality.

In a more general sense, common laments among those charged with addressing the UXO
clean-up problem are that research efforts in UXO sensing are not well coordinated, are not based
on a good understanding of users’ needs, and have not evolved from a general strategy designed to
address the UXO problem in the United States. Very often, UXO-sensing programs are follow-
ons to existing work in countermine efforts that support combat operations. This is sensible in that
there are many similiarities in detecting mines and UXO, but deployment and clearance
requirements are often vastly different. A countermine system that must operate covertly and
rapidly but only has to detect over a roadway, for example, will look very different from a system
designed for UXO sensing that may have minimal time constraints but that may have to operate
over large tracts of land and detect ordnance buried several feet deep.

3.4 HOW WE PROPOSE TO IMPROVE UPON THE CURRENT APPROACH

As mentioned in a recent Government Accounting Office report, “no formal mechanism or
strategic plan exists to ensure that a fully coordinated U.S. research and development effort is
leveraged at the [UXO detection] problem”. [11] One of the purposes of the study that we have
undertaken for SERDP is to assist in designing such a strategy. In brief, we propose a systematic
approach to addressing the disparity between the capabilities of existing UXO-sensing technologies
and the requirements dictated by the clean-up of suspect DoD lands. Our strategy lies in defining a
multi-tiered approach to UXO detection that has the following features:

» Each tier successively reduces the amount of land to be surveyed,
» UXO sensing will rely on combinations of sensors that provide complementary
capabilities and advanced-data-processing techniques whose goal is high probability of

detection with low false-alarm rates,

+ Focus will be on existing, proven technologies, with assessments made of the
improvements necessary to achieve the design goals for UXO sensing.
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4. SELECTION HIERARCHY FOR ADDRESSING UXO-SENSING
PROBLEM

4.1 A FOUR-STAGE STRUCTURE

We recommend a multi-tiered approach to provide a systematic methodology for addressing
the UXO-sensing problem. The primary function of the hierarchy we propose is to reduce the total
amount of land to be surveyed to levels that can be accomodated in a reasonable time frame, while
simultaneously providing high probabilities of detection and low false-alarm rates. The stages of
the hierarchy are displayed in Figure 4.1, with a brief description of the function of each. We
describe four stages: a prescreen stage and three subesequent sensing stages. Each of these stages
will be described in greater detail in subsequent sections but an overview is offered here.

The intention of the prescreen stage is to prioritize those lands that require surveying —
either because of intended land use or known contamination information — by the degree of
urgency that their clean-up mandates. A second goal is to identify those suspect lands that are not
likely to contain ordnance or whose intended land use does not require immediate attention. Thus,
by focusing on both the history and destiny of a site, one hopes to reduce, by a considerable
degree, the amount of land that must be addressed for surveying in the near term.

For those lands identified in the prescreen stage as requiring surveying, we suggest a cuing
stage that offers rapid coverage, and whose goal is the identification of UXO fields. This sensing
stage, which is most likely to require an airborne platform, will not target the detection of
individual UXO, but rather, the clusters and concentrations of UXO representative of testing and
training exercises.

Some lands identified during the prescreen stage may bypass the cuing stage altogether,
either because of specific information regarding the location of UXO or because of inaccessibility
of the terrain to the cuing platform. These lands, together with those identified during the cuing
stage as potentially containing UXO fields, would be subject to the next stage of sensing, which
we call detection. The goal in this stage is to detect and map locations of individual UXO within
the boundaries identified in either the prescreen or cuing stages. The platform for this stage of
sensing would most likely be ground or near-ground based, and the UXO maps would provide the
neccessary information for assessment of the future use of the land or for initiation of the clean-up
efforts.

As a final sensing stage, we propose a classification stage whose goal is to distinguish
those ordnance that pose a hazard to human safety or the environment from those that are unlikely
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Figure 4.1 Proposed four-stage selection hierarchy for UXO sensing.
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to explode, which we call nuisance ordnance. One possible implementation of this stage is to
interrogate individual ordnance that have been located in the detection stage and provide a
secondary map layer that identifies only those that are hazardous. Alternatively, the classification
sensors could be integrated onto the detection platform and provide that information concurrently.
The motivation for this classification stage is the relatively large payoff that results if all ordnance
do not have to be treated as hazardous. If one accepts the nominal 10% dud rate as a guideline,
then knowing which ordnance are hazardous offers substantially improved ability to define land
use and can facilitate clean-up efforts for those lands whose use is already determined.

In Figure 4.2, we display a notional chart of the four stages described above, where the
parameter that we seek to minimize is the total amount of land requiring surveying. Our design
goal is that the four stages of the selection hierarchy reduce the amount of land to be surveyed by
orders of magnitude; thus the ordinate — the amount of land to be surveyed — is plotted on a log
scale. We refer to the chart as notional because we have not conducted a detailed systems analysis
that would allow us to assign real numbers to the ordinate axis. We believe that such an analysis
can and should be conducted a priori, especially as one completes the prescreen stage. In other
words, if a large reduction in land requiring immediate surveying can be achieved in the prescreen
stage, then those lands can be assessed for the applicability of the cuing stage. Much of this
assessment will depend on the types of land and ordnance that survive the prescreen process. For
example, if most of the identified lands are heavily forested and suspected of large (i.e., deep)
ordnance, the cuing platform may not offer enough applicability to warrant its development. If,
however, a substantial amount of identified lands is in desert-like environments, or has seasonal
cycles of defoliation, or has significant surface UXO, then the cuing stage may be worth
developing because of the large reduction in survey time that it can offer. Similarly, by identifying
individual UXO, the detection stage seeks to reduce the total amount of land to be considered for
clean-up to just those areas actually containing ordnance. Depending on the ordnance density, this
stage can offer substantial payoff. Finally, as we discussed earlier, the classification stage offers a
potential for an order of magnitude reduction in ordnance count that will require specialized
treatment or clean-up.

In the following sections, we will outline our recommendations for implementation of the
four stages described above. We treat the prescreen stage somewhat differently from the sensing
stages, focusing mainly on what resources can be accessed to provide the necessary information at
this stage. The implementation of each sensing stage — cuing, detection, and classification —
requires evaluation of numerous factors. These factors include

- the selection of appropriate sensor technologies,

- concerns related to the sensor fusion and data processing, and
- information required to assess payoff and risks associated with each sensing stage.
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4.1.1 Sensor Technologies

Most of the remainder of this document will discuss sensor technologies. Our
recommendation of sensor technologies to be deployed during each stage results from reviews of
the status of relevant systems and our assessment of the capabilities of existing or almost-existing
technologies. We have used, as the basis for our recommendations, summaries such as the JPL
report on UXO-sensing technologies [1], extensive literature surveys of technologies that can be
related to UXO sensing, and the results of our own research in mine and buried and obscured-
object detection. In each section in which we discuss sensor technologies, we will focus on:

- what combination of sensors can provide the complementary information that is
required to achieve high probabilities of detection and low false-alarm rates,

- what are the bases for our recommendations,

- what basic phenomenology issues must be addressed in utilizing those
sensors, and

- who are some of the key players and what are the important programs in sensor
development and measurements.

As with any large-scale, multi-faceted problem, there are surely going to be circumstances where
our sensor selection or methodology is inappropriate. We have tried to define the most generally
applicable systems, but the reader is reminded that certain scenarios, such as continuously-foliated
or underwater sites, may not be covered by any of our recommendations. In these cases, it is best
to adopt the four-stage structure that we define, but to focus on site- or application-specific sensor
technologies.

4.1.2 Sensor and Data Fusion

In the second category, we will address issues relevant to the fusion of sensors and the
treatment of the resultant data. The term data fusion is used to refer to a wide variety of techniques
for extracting and correlating information from different sources. The application of data fusion
techniques for sensing UXO provides a scientific method for the systems-level integration of
multiple sensors.

There are two sensor-fusion concerns that almost all sensor combinations have in common.
They are registration and sensor complementarity. The sensors that we propose will acquire their
imagery at different resolutions, from different platforms, and even at different times. To
successfully implement a data-fu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>